Abstract. Powassan (POW) virus is responsible for central nervous system infection in humans in North America and the eastern parts of Russia. Recently, a new flavivirus, deer tick (DT) virus, related to POW virus was isolated in the United States, but neither its pathogenic potential in human nor the taxonomic relationship with POW virus has been elucidated. In this study, we obtained the near-full-length genomic sequence of the DT virus and complete sequences of 3 genomic regions of 15 strains of POW-related virus strains. The phylogeny revealed 2 lineages, one of which had the prototype POW virus and the other DT virus. Both lineages can cause central nervous system infection in humans. By use of the combination of molecular definition of virus species within the genus Flavivirus and serological distinction in a 2-way cross-neutralization test, the lineage of DT virus is classified as a distinct genotype of POW virus.
INTRODUCTION
Powassan (POW) virus is a flavivirus and a member of the tick-borne encephalitis (TBE) antigenic complex. The virus has been recognized as causative agent of central nervous system infection in humans in North America and eastern Russia. Recently, a TBE-like virus named deer tick (DT) virus was isolated in the northeastern United States. 1 Although it was reported to be related to POW virus, the report raised concern not only for public health as a new emerging disease agent but also for biosafety issues because the safety levels of the members of TBE range from Level 3 to Level 4. Because few properties of this virus have been elucidated, it is necessary to characterize this virus at a molecular level to determine its exact taxonomic position in the TBE antigenic complex, in particular its relationship to POW virus.
Traditionally, serological criteria obtained by neutralization test have been applied to the classification of viruses within the genus Flavivirus. Although the technique is useful for distinguishing virus species of the group, it is inadequate for determining the interrelationships among the viruses because many viruses, including yellow fever virus, could not be assigned to any particular antigenic complex by the method. In-depth characterization of a new virus isolate and adequacy of the definition of taxonomic criterion (or criteria) used are crucially important for establishing it as a new virus. Thus, the previously established combination of a molecular definition and the traditional, serological classification 2 provides the critical tools and the opportunity to elucidate the genetic and serological relationship of DT virus within the TBE antigenic complex. Results of the study are also useful for the surveillance and molecular epidemiologic studies of this group of virus.
MATERIALS AND METHODS
Virus strains. The POW virus and DT virus strains used in this study are listed in Table 1 . 1, [3] [4] [5] [6] [7] [8] [9] [10] Two strains (ON58 and ON97) were isolated from human brain; strain WV77 was isolated from brain of a fox. Except for strain CO58, which was isolated from Dermacentor tick, the remainder of strains were isolated from Ixodid ticks.
Primers.
Genomic sequencing was attempted on one of the DT strains (CT95, Table 1 ); for all other strains, except for the prototype POW strain (ON58), complete envelope gene (E), NS5 gene, and 3Ј terminal untranslated region (3Ј-UTR) excluding the terminal 20 bases, were sequenced. Viruses were sequenced by primer walking. Sequencing templates were obtained by reverse transcriptase-polymerase chain reaction (PCR) and directly sequenced by means of the primers listed in Table 2 . The degenerate primers crossreactive to tick-borne flaviviruses (Table 2) were designed on the basis of the multiple amino acid sequence alignment of tick-borne flaviviruses 11 ; other primers reactive to either DT virus alone or to both DT and POW viruses were obtained on the basis of the sequencing data of DT virus obtained during the preliminary phase of this study. Sequencing. The sequencing strategy was to amplify targets by selecting appropriate paired primers in flanking regions ( Table 2 ) that generated amplicons mostly Ͻ 3 kb in length. Those initial amplicons were directly sequenced with the same primers used for amplification and sequence re- solved on an ABI model 377 automated sequencer (Applied Biosystems, Foster City, CA). In the subsequent stages, internal primers were designed from the sequences obtained, and sequencing by primer walking was repeated.
Phylogenetic studies. Sequences of E and NS5 genes as well as 3Ј-UTR excluding the terminal 20 bases were first aligned with Clustal X 12 and then manually optimized with Gene Doc. 13 Nucleotide and amino acid trees were first created by NEIGHBOR, DNAPARS, DNAML, or PROTO-PARS of PHYLIP (version 3.57c; Felsenstein J, Department of Genetics, University of Washington, Seattle, WA), respectively, for initial inspection. With PHYLIP programs, strict consensus bootstrap tree was obtained by SEQBOOT to generate 100 reiterated replicas, and parsimonious trees were created with DNAPARS and PROTPARS for nucleotide and amino acid sequences, respectively. CONSENSE was used to build a strict consensus tree. The genetic distance of these bootstrapped, strict consensus trees were reestimated by the maximum-likelihood program, DNAML, of PHYLIP. Trees were drawn with the TREEVIEW program. 14 The GenBank accession numbers of the sequences used as outgroup were X03700 (yellow fever virus), U27495 (TBE virus, Neudoerfl strain), and AF133692 (Rio Bravo virus).
Similarity plot. Sliding window analysis of the coding sequence of the DT virus was performed by SimPlot (version 2.5), which was developed by S. C. Ray (Johns Hopkins University School of Medicine, Baltimore, MD) and used with or without Jukes-Cantor correction of nucleotide substitution. The window and sliding sizes used were 450 bases and 30 bases, respectively. The GenBank accession numbers of the sequences used as query or references were U27495 (TBE virus, Central European subtype, Neudoerfl strain), AF069066 (TBE virus, Vasilchenko strain), Y07863 (louping ill virus), and M73835 (Langat virus).
Plaque reduction neutralization test. Homologous antisera against strains ON58 (prototype POW virus), CT95 (DT virus), WI97, and ON97 were made in mice by single injection and tested in 2 ways, according to the plaque reduction neutralization test method described previously 15 except that an overnight incubation at 4Њ C of virus-serum mixtures and a 90% neutralization endpoint were used.
Sequences deposited in GenBank. Near-full-length sequence of CTB30 (DT virus) is filed as GenBank accession number AF311056. For all 14 strains, the deposited sequences in order of envelope gene, NS5 gene, and 3Ј-UTR ex- LGT ϭ Langat virus; LI ϭ louping ill virus; POW ϭ Powassan virus; TBEV ϭ TBE virus (Vasilchenko strain). 
RESULTS

Genomic characteristics of the DT virus.
The length of the DT virus genome (excluding 18 and 20 bases at the 5Ј and 3Ј termini, respectively) is 10,800 bases and is only 1 base shorter than the corresponding sequence of POW virus, the difference in length occurring only in the 3Ј-UTR. All references to the DT virus sequence hereafter in the text concern only this authentic sequence. Compared with POW virus, 16 the nucleotide sequence identity of the DT virus is 84%. Contour of similarity plots obtained with and without correction of nucleotide substitution were basically similar; thus, only the results without the Jukes-Cantor correction are presented. When TBE (Neudoerfl) virus was used as the query, DT virus was most distant from the query. High levels of similarity between DT and POW viruses throughout the genomic length were evident in the similarity plot ( Figure  1) .
The coding sequence of the DT virus encodes for 3,416 amino acids, which is identical to the size of POW virus polyprotein. 16 The amino acid difference between the 2 viruses is 6%. One amino acid difference in pentapeptide at the cleavage sites of the polyproteins of the 2 viruses was found at the junctions of NS2B/NS3, NS3/NS4A, and NS4A/ NS4B; and a 2-amino acid difference was found in the capsid/premembrane (C/PrM), premembrane/membrane (PrM/ M), and NS1/NS2A junctions (Table 3 ). In terms of functional significance, it is probable that only the dipeptide differences flanking 3 junctions (C/PrM, PrM/M, and NS1/ NS2A) were important. Unlike POW virus, which has 2 consecutive initiation codon for capsid protein, DT virus has only one. Cysteine residues in PrM/M and envelope genes of the DT virus are 6 and 12, respectively, as in POW virus. The NS1 gene of the DT virus, however, has 13 cysteine residues, compared with 10 residues for POW virus. The numbers of deduced glycosylation sites in PrM, E, and NS1 gene of the DT virus are 1, 1, and 3, respectively, and are identical to those of POW virus. The pentapeptide (DSGHD) found thus far in all tick-borne flaviviruses 17 is also found in the E gene of the DT virus.
As in all TBE antigenic complex viruses, the E protein of the DT virus has 12 cysteine residues (6 in domain A, 2 in domain B, and 4 in the remaining segments), as defined for TBE virus by Mandl and others. 18 No difference in number and position of the 20 proline residues of POW virus E gene was found in DT virus. The DT virus also shares the POW virus-specific motif, DHLPSA. 16 The POW-specific Phe residue in the motif conserved in the Domain A of TBE complex viruses, DRGWGNHCGFFGKG, is also found in the DT virus. In Domain B, between DT and POW viruses, 4 amino acids are different, but only one of them is found in 4 conserved motifs in the TBE complex viruses. Nearly all amino acid motifs in NS3 and NS5 genes shared among all flaviviruses or among TBE complex viruses 11 are also found in the DT virus.
Regarding UTR, like POW virus, 16 the 5Ј-UTR of the DT virus contains the 11-nucleotide-long conserved motif (GGAGAACAAGA), which appears as inverted repeat at ϳ 80 bases from the 3Ј terminus (Figure 2 ). The length of 3Ј-UTR (excluding the terminal 20 bases) among the virus strains studied varied by Յ 5 bases, the shortest being WI97 and the longest being CO52 strain. The difference in length was not associated with a particular lineage or geographic location of the isolate. As in other TBE complex viruses, the first ϳ 250 bases of the 3Ј-UTR of DT virus represent a variable region (Figure 2 ). The repeat (R1 and R2) and imperfect repeat sequences (IR1, IR2, and IR3) identified for POW virus 16 are generally identical in the DT virus, although several base differences are observed. The 32-mer portion of the secondary structure and CACAG pentanucleotides within the secondary structure conserved in TBE and POW viruses are also found in the DT virus (Figure 2) .
Phylogeny of POW-related viruses. The lengths of E and NS5 genes of 15 POW virus-related strains were all identical, and the lengths of 3Ј-UTR varied by Յ 5 bases. As shown in Figure 3 , it is noted in lineage I that the earliest isolate of POW virus in 1952 in Colorado (CO52) and an isolate in Wisconsin in 1997 (WI97) clustered together, despite the 45 years that elapsed between the 2 virus isolations. In the other branch of lineage I are found 2 isolates of the DT virus (MA95 and CT95) from New England, one strain from West Virginia in 1977 (WV77), and an isolate from a human case in Ontario in 1997 (ON97). 6 In lineage II, one branch is composed of the 2 isolates from New York in 1964, whereas the other is exclusively composed of the isolates from Ontario collected 1958-1981, including the prototype POW virus (ON58); they are all very closely related, as evidenced by very short genetic distances among the strains (Figure 3, ENV-nt) . The radial tree based on amino acid sequence (Figure 3 , ENV-aa) demonstrates essentially the same topology. The maximum likelihood trees based on the most parsimonious trees obtained on nucleotide sequences of NS5 gene (Figure 3 , NS5-nt) and on 3Ј-UTR ( Figure  3 , 3Ј-UTR) are also similar. However, in terms of the number of nucleotide substitution per site, the rate of E gene is higher than that of NS5 gene, and that of 3Ј-UTR is the lowest among the 3 regions sequenced.
Cross-neutralization test. In the serological classification of flaviviruses, a Ն 4-fold difference between heterologous and homologous titers is significant. 19 Cross-neutralization test results in Table 4 indicate that the DT virus strains (CT95 and WI97, lineage I) are antigenically indistinguishable from prototype POW virus (ON58, lineage II), although they can be clearly segregated by phylogenetic analysis. That not all virus strains can be clearly segregated into 2 lineages by both phylogenetic and serological criteria is evident in the interrelationships of another strain (ON97). This lineage I strain shows minor 1-way neutralization differences not only with prototype POW virus (ON58; lineage II) but also with 2 viral strains (CT95 and WI97) in the same lineage. These differences are manifested by significantly lower neutralization titers obtained with the 3 heterologous antibodies reacting with the ON97 strain. In addition, cross-neutralization test results demonstrate minor 1-way difference in neutralization between these 3 DT viral strains.
DISCUSSION
Our phylogenetic study revealed the existence of 2 major lineages of the viruses related to POW virus in North America, POW and DT viruses, each representing a different lineage. It is apparent that when the prototype POW (ON58) virus was first described, the 2 lineages already existed; similarly, when the DT virus was reported in New England, a member of that lineage had been isolated elsewhere much earlier. Although the nucleotide sequence of the DT virus is 16% different from POW virus, unquestionably, the 2 viruses share the same origin, as evidenced by the almost parallel similarity plot at lower levels of difference throughout the coding sequence between the 2 viruses ( Figure 1 ).
Both lineages can cause central nervous system syndrome in humans: a strain in each lineage was isolated from the brain of a human patient. On the other hand, the inclusion of a single isolate from Ontario (ON97) in a branch of lineage I strongly suggests that 2 lineages have coexisted in Ontario because the victim from whom this strain was isolated had no travel history outside Ontario before the onset of illness. Although differences in adapted vectors and vertebrate hosts may elucidate how the 2 lineages evolved, such an analysis is hampered by the fact that information regarding vector and vertebrate host for each of those virus strains is incomplete. Nevertheless, it is evident that the 2 lineages coexisted independently at least in Ontario, Canada, and northeastern parts of the United States because of overlapping geographic distributions.
Phylograms also revealed that among the viruses related to POW virus in North America, the rate of mutation in 3Ј-UTR was clearly much slower than either envelope or NS5 gene, and the size difference in 3Ј-UTR among the strains was Յ 5 bases. A similar result of the difference in mutation rate among the same genomic regions was reported for louping ill and TBE (Vasilchenko strain) viruses. 20 However, among the Euro-Asian strains of TBE virus, the difference in length of 3Ј-UTR was as long as 417 bases; and even between the strains isolated in geographic proximity (Austria and Czech Republic), the difference was 304 bases. 21 It has been suggested that the variation in length of 3Ј-UTR among TBE virus strains was not associated with any parameter, such as year of isolation and geographic location. 21 Our study also revealed the lack of correlation between length of variation in 3Ј-UTR and any of those factors.
Our neutralization test results clearly showed that the DT viral isolates are antigenically indistinguishable from proto-FIGURE 3. Phylogenetic trees of Powassan (POW) virus-related strains. 3Ј-UTR ϭ maximum-likelihood tree created on the most parsimonious tree on the nucleotide sequences of 3Ј-untranslated region (UTR); ENV-aa ϭ Radial tree of deduced amino acid sequences of envelope protein; ENV-nt ϭ maximum-likelihood tree based on the most parsimonious tree of envelope gene nucleotide sequences; I and II ϭ lineages I and II of POW virus-related strains, respectively (see Table 1 for strain information); NS5-nt ϭ maximum-likelihood tree based on the most parsimonious tree of NS5 gene nucleotide sequences; RB ϭ Rio Bravo virus; TBE ϭ tick-borne encephalitis virus (Neudoerfl); YF ϭ yellow fever. Horizontal scale: 0.1 ϭ 10% difference.
type POW virus, although the 3 DT viruses studied manifested a minor antigenic difference among themselves. The traditional criterion for classifying all arboviruses involves the use of antigenic relationships, as determined by the neutralization test.
We used the antibodies produced by single injection of each viral strain because their reactions in cross-neutralization test reflect only true viral antigenic relationship and differences as they exist in nature. Nevertheless, as demonstrated in our study, classification based strictly on the crossneutralization test alone is sometimes difficult for closely related viral strains because of ambiguous results. This is why we earlier adopted a combination of serological and phylogenetic criteria as the basis of flavivirus species defi- nition. 2 Accordingly, only when virus strains can be segregated both serologically and phylogenetically are they are classified as distinct viruses.
Lineage I strains demonstrating 1-way differences in cross-neutralization test, such as CT95, WI97, and ON97 strains, may well represent geographic antigenic variants. For a clearer elucidation of serological relationship between DT and POW virus lineages, a large number of DT viral isolates (lineage I) from a variety of different geographic locations need to be analyzed for their antigenic relationships to one another and to the 3 DT viral strains studied above. Similarly, if more lineage II strains were available from other locations, they might demonstrate minor antigenic variation among themselves. Regarding the unique serological reaction of the ON97 strain, it is of interest to note that the strain was isolated from brain of a patient 42 days after onset of illness. 6 However, it is not known if the different antigenic trait of this strain had anything to do with prolonged infection in a human being.
